Thermal properties of metal matrix composite materials are becoming ever more relevant with the increasing demand for thermally efficient materials. In this work, the thermal conductivity and heat transfers at the interfaces of copper matrix composite materials reinforced with diamond particles (Cu/D) are discussed. The composite materials contain either ZrC or TiC interphases and exhibit, respectively, higher and lower thermal conductivities with respect to their pure Cu/D counterparts. These thermal conductivities are accounted to the presence of strong covalent bonds and increased relative densities. The role of these interphases is also discussed regarding the phonon transmission at the interfaces.
Introduction
Thermally efficient materials are constantly being studied for several engineering purposes such as heat-sinks in microelectronic components. Such materials allow proper heat dissipation and ensure a longer lifespan of the microelectronic assembly. In a constant effort to find highly conductive materials, numerous results have been reported regarding the copper(Cu)/diamond(D) system [1] [2] [3] , and related interphases [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Indeed, composite materials, such as Cu/D, are attractive because of their ability to combine the properties of both constituting phases. However, in the absence of an appropriate interface between Cu and D, the thermal conductance hc at the interface is low, resulting in a lower effective thermal conductivity, Keff, with respect to the conductivity of pure Cu. Their remarkable result comes from the elevated sintering temperature and pressure of Ts = 1180 °C and Ps = 4.5 GPa, respectively, during 15 min using a belt-type high-pressure apparatus 14 . However, performing sintering at very high temperatures and pressures during short durations is not available at the industrial level, although progress is continuously reported.
Several values of
All these results showed that despite the weak interfacial bonding between Cu and D, an increase of the composite's thermal conductivity is expected when increasing the size of the diamond particles and performing fastest hot-pressing processes. Obviously, the dependence of the thermal conductivity on the diamond particle size indicates that the interfacial thermal barrier must be considered. However, it has also been shown that the increase in the thermal conductance at the interface between metals and diamond is still weak, and that it tends to saturate at very high pressures 15 . In a non-reactive system such as Cu-D, the creation of an interphase, for example a carbide layer or submicronic Cu particles attached through oxygen bonds to the matrix and reinforcements 16 , will allow a better transfer of thermal and thermomechanical load from one phase to the other. In this work we focus on the insertion of carbide interphases.
As reported by Schmidt-Brüken et al. 5 and Dewar et al. 6 , alloying of copper with a strong carbide forming element promotes wetting and bonding with diamond and leads to a significant increase of the thermal conductivity. It has been well established that the thermal conductivity is higher as the chemical bond between matrix and reinforcement is stronger 17 .
Bond strength enhancement has been observed with addition of Ti, Cr, Zr, and B in the Cu powder prior to the sintering process. Two main physical phenomena can explain the increase in thermal conductivity. The first one is related to the chemical bond between the carbide layer and both the diamond and Cu, and the second one is related to the role of the interphase regarding the heat transfer process at the nanoscale between two very different materials 15 .
Indeed, electrons are responsible for the heat transfer in copper whereas phonons dominate in diamond. Regarding the Cu-D system, the electron-phonon coupling model is insufficient to explain the conductance at the metal-dielectric interface. Due to the low cut-off frequency of phonons in metals and the very high one for diamond, only inelastic processes, such as the three-phonon scattering process, are able to explain the measured interfacial extra conductance beyond the radiation limit, resulting from the elastic two-phonon process. The necessary coupling between phonons is then largely improved by inserting an interphase between the two materials. However, this layer must be chosen carefully in terms of its intrinsic thermal conductivity, Debye temperature and thickness. As revealed by Weber and Tavangar, the concentration of the active element, forming the carbide interphase, must not exceed the limit required for carbide formation 10 .
We report in Table 1 to the optimized ZrC and TiC interphases formed using the gas pressure infiltration method.
Therefore, the upper limit for eX must be chosen in order to respect condition (iv) but also to lead to the best bonding at both the diamond/carbide and carbide-copper interfaces. However, the choice of the active element remains questionable regarding the values reported in Table 1 where similar values for Keff are found using either Cr, Ti, Zr or W with optimal values of d, fd and sintering parameters. In addition, it is not clear that diamond particles coated with the active element would lead to significant improvement with respect to uncoated particles. The experimental data are well predicted, according to the authors of the mentioned works, from the theoretical models of the effective thermal conductivity derived, for instance, by 
Materials and methods

2.1.Interphase creation
The copper-based matrix is composed of a mixture of dendritic copper powder (Eckart min. No squeezing of the liquid was observed during the sintering process, which we explain by the very small amount of liquid generated. The heating is ensured using an induction system, while the pressure is applied through the means of a hydraulic press. The temperature is controlled with the use of a thermocouple (type K) which is inserted into the mould. The chamber is put under vacuum (10 -2 mbar range) to prevent the oxidation of the copper matrix during heating and/or cooling.
In the following sections we will be referring to the composite materials using the following nomenclature: Cu(Cu-X)y/Dz, where X is either Ti or Zr, y is the volume percentage of Cu-X alloy with respect to the total volume, and z is the volume percentage of diamond particles.
2.2.Characterization
Cryofractures were carried out in liquid nitrogen. The microstructures of each composite were analyzed using scanning electron microscopy (SEM) (TESCAN VEGA 2 SBH) in secondary and back-scattered electrons mode, to deduce chemical information through apparent chemical contrast.
X-ray diffraction patterns were collected on a PANalytical X'pert PRO MPD diffractometer.
The patterns were analyzed using EVA software (Bruker).
Due to the difficulty of machining diamond-based materials, preliminary studies were carried out on carbon fiber reinforced composite materials 27 . For the purpose of this article, the interphase thicknesses were considered to be the same for both carbon fiber and diamond particle-reinforced composites.
2.3.Thermal measurements
The thermal diffusivity of the composite materials was measured using a specific photothermal technique based on a periodic pulse (duration of 20 ns) waveform of the photothermal source 29 . This technique has been developed to deal with highly conductive materials without the need of absorbing/emitting coatings on both faces of the sample. The standard deviation of the measurement is less than 2 %. The average specific heat for each sample is calculated using the volume-based rule of mixture based on the densities and specific heats of Cu and diamond as well as on the volume fraction of diamond particles. The effective thermal conductivity is thereby calculated from the measured thermal diffusivity and the average specific heat. and (c) show that the diamonds were split along particular planes, which indicates that the rupture was fragile. 
Results and discussion
Experimental thermal conductivities
3.2.Analytical vs numerical models
The classical model of the effective thermal conductivity derived by Hasselman and Johnson (H-J, Equation 1) is valid when the volume fraction fd is less than the value at percolation fd,per
= 0.52 considering the particles of diameter d 23 . It must be noted however that the percolation threshold for randomly packed spheres is about 0.31 whereas the threshold for randomly packed diamond is expected to be around 0.42 (because of the faceted shape of the particles).
= ( − − ) + + + ( − + ) + + +
As presented in Figure 5(a) , the dispersion process of diamond particles within the copper powder is not uniformly distributed. Therefore, we calculated also the effective thermal conductivity using the finite element (FE) method applied to a simulated medium, that is a cube with side a in which the spheres are randomly distributed, as presented in Figure 5(b) . The face of the simulation box is at a temperature of 0 K whereas the parallel face is at 1 K. All the other faces are insulated. The calculation of the effective thermal conductivity has been made considering, for a given value of fd, three different random distributions of the particle.
Therefore, it was verified that the calculated value does not change more than 2% between each simulation. In addition, the side a of the simulation box is chosen to be large enough in order to avoid fluctuations of the calculated values when changing the particle diameter. We found that using a = 20×d allows to fulfil this requirement. The effective thermal conductivity Keff is properties between diamond and copper. Also, the model tends to overestimate Keff when fd > 0.4. That is due to an increasing porosity level with increasing diamond volume fraction (Figure 6(b) ) which is a major drawback of powder metallurgy processes. As shown previously in Figure 1(a) , cross-sectional SEM analyses revealed that porosity occurs mainly at the Cu-D interface, leading to an even more important decrease of the interfacial conductance, and therefore a decrease of the effective thermal conductivity of the composite. As reported by Liang and Tsai, using molecular dynamics (MD) simulations, inserting an interlayer whose Debye temperature is about the square root of the product of the Debye temperatures of the two solids, will enhance the thermal conductance between these two solids 33 . The optimal Debye temperature for an interfacial material between Cu and diamond should be , , = √310 × 1860 ≈ 760 . Therefore, TiC and ZrC could be potential candidates regarding this criterium, although the Debye temperature of TiC is closer to the optimal ( Table 2) . Therefore, the DOS spectra overlap spans a much larger range of frequencies than the one obtained from the bulk DOS. However, this change cannot be easily predicted in our configuration, therefore, the bulk DOS is used to calculate the theoretical thermal conductance. Hence, the obtained thermal conductance value must be viewed as the minimal retained as a credible configuration in the present study since, as shown by Losego et al. 17 , transition from van der Walls (Cu-diamond system) to covalent bonding (Cu-TiN and TiNdiamond systems) increases strongly the interfacial thermal conductance. The thermal boundary conductance was found to be most influenced by the interfacial chemical bonding as both the phonon flux and the vibrational mismatch between the materials are each subject to the interfacial bond strength. The phonon mean free path and thermal conductivity, ki, of the interfacial material strongly influence the optimal thickness at which the interfacial thermal conductance hc increases. The thermal resistance Rc of the interphase is therefore given by:
3.3.Nanoscale analysis of interfacial thermal resistances
In this relation ki is the thermal conductivity of the material which constitutes the interphase (TiC or ZrC), ei is the thickness of the interphase, Rcu-i is the thermal resistance of the interface between the interphase layer and copper and Ri-D is the resistance of the interface between the interphase layer and the diamond. The thicknesses used in this calculation were eTiC = 200 nm and eZrC = 125 nm. The interfacial resistance between two materials, a and b, is calculated using the asymptotic expression of the DMM at high temperature given by: ⁄ . Since the DMM assumes elastic phonon scattering (a phonon of frequency w will only transfer energy across an interface by scattering with another phonon of frequency w), it is relevant for the Cu/ZrC/D and Cu/TiC/D systems. For the Cu/D system, where scattering is mainly inelastic, the calculated resistance using the DMM has to be viewed only as qualitative. All the required properties for these calculations are reported in Table 2 . Using this data, the values for τ and Ra-b reported in Table 3 
Conclusions
In this work the effective thermal conductivities and heat transfers at the interphases of concentrations. The effect of the diamond particle size was also discussed, and we confirmed that larger diamond particle sizes lead to higher effective thermal conductivities. 
